Parkinson's disease (PD) is a common neurodegenerative movement disorder. Whereas the majority of PD cases are sporadic, rare genetic defects have been linked to this prevalent movement disorder. Mutations in DJ-1 are associated with autosomal recessive early-onset PD. The exact biochemical function of DJ-1 has remained elusive. Here we report the generation of DJ-1 knockout (KO) mice by targeted deletion of exon 2 and exon 3. There is no observable degeneration of the central dopaminergic pathways, and the mice are anatomically and behaviorally similar to WT mice. Fluorescent Amplex red measurements of H 2O2 indicate that isolated mitochondria from young and old DJ-1 KO mice have a 2-fold increase in H 2O2. DJ-1 KO mice of 2-3 months of age have a 60% reduction in mitochondrial aconitase activity without compromising other mitochondrial processes. At an early age there are no differences in antioxidant enzymes, but in older mice there is an up-regulation of mitochondrial manganese superoxide dismutase and glutathione peroxidase and a 2-fold increase in mitochondrial glutathione peroxidase activity. Mutational analysis and mass spectrometry reveal that DJ-1 is an atypical peroxiredoxin-like peroxidase that scavenges H 2O2 through oxidation of Cys-106. In vivo there is an increase of DJ-1 oxidized at Cys-106 after 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine intoxication of WT mice. Taken together these data indicate that the DJ-1 KO mice have a deficit in scavenging mitochondrial H 2O2 due to the physiological function of DJ-1 as an atypical peroxiredoxin-like peroxidase.
P
arkinson's disease (PD) is a common progressive neurodegenerative movement disorder (1) caused by the selective loss of dopaminergic neurons in the substantia nigra, pars compacta (2, 3) . Although in most cases the etiology of PD is not known, its pathogenesis may involve deficits in mitochondrial function, oxidative stress, excitotoxicity, inflammation, accumulation of aberrant or misfolded proteins (Lewy bodies), and ubiquitin-proteosome system dysfunction (2, 3) . PD is essentially a sporadic disorder of the aging brain, but Ϸ10% of all cases are linked to a variety of genetic defects (4, 5) . The identification of some of these genes has opened new areas of research (4, 5) . In 2003, Bonifati et al. (6) found that loss-of-function mutations in the DJ-1 locus were associated with rare forms of autosomal recessive early-onset parkinsonism with psychiatric and behavioral disturbances, slow progression, and a good response to treatment with levodopa. DJ-1 mutations account for 1-2% of all early-onset PD (7) (8) (9) , with a number of different pathogenic mutations, including exonic deletions, truncations, and homozygous and heterozygous point mutations.
DJ-1 is a highly conserved protein that belongs to the DJ-1/ Thi/PfpI protein superfamily. In vertebrates it is expressed in a variety of tissues including brain (10) , and at a subcellular level it is found in the matrix and the intermembrane space of the mitochondria (11) . Although the biology of DJ-1 has only begun to be elucidated, it seems that DJ-1 operates as an antioxidant protein (12) and that its ablation in mice exacerbates, via an unknown mechanism, dopaminergic neurodegeneration caused by the parkinsonian neurotoxin 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) (13) . Here we show that the absence of DJ-1 in mice does not lead to major behavioral, neurochemical, or anatomical deficits in the dopaminergic system, as previously described (14, 15) . However, examinations of mitochondria from mutant mice deficient in DJ-1 coupled with biochemical and mass spectrometry analyses reveal that DJ-1 functions as an atypical peroxiredoxin-like peroxidase.
Results

Generation of DJ-1 Knockout (KO)
Mice. DJ-1 was disrupted by partial deletion of exon 2, deletion of exon 3, and the introduction of a stop codon and a neo selection cassette [supporting information (SI) Fig. 4A ]. Heterozygous male and female mice were bred to generate homozygote mice. Southern blot analysis and PCR (SI Fig. 4B ) confirm disruption of DJ-1. Mendelian frequencies are observed from the heterozygous matings for DJ-1 KO mice, consistent with a normal embryonic development. DJ-1 KO animals are fertile and show no differences in weight, gross anatomy, and longevity (data not shown). Northern blot and immunoblot analyses from DJ-1 KO mouse brains confirms the lack of endogenous DJ-1 transcript and DJ-1 protein (SI Fig. 4C ).
Absence of Abnormalities in the Nigrostriatal Pathway in DJ-1 KO
Mice. We examined the total content of dopamine and its metabolites in striatal tissue and the morphology of the dopaminergic neurons in DJ-1 KO and WT age-matched littermate mice. No significant change in the levels of dopamine and its major metabolites 3,4-dihydroxyphenylactic acid and homovanillic acid are observed in DJ-1 KO mice compared with littermate age-matched WT mice (SI Fig. 4D ). We next histologically examined the nigrostriatal dopaminergic system. In 18-to 24-month-old mice there is no noticeable difference in either the dopaminergic innervation of the striatum (SI Fig. 4 E and F) or the neuronal network in the SNpc (SI Fig. 4 G and H) as assessed by tyrosine hydroxylase immunoreactivity. Stereological quantification of tyrosine hydroxylase-and Nissl-positive neurons in SNpc was performed in 2-to 3-month-old and 18-to 24-month-old mice (SI Fig. 4I ). There is no difference in dopaminergic neuron numbers in SNpc of DJ-1 KO mice compared with WT mice (SI Fig. 4I ). To determine whether DJ-1 KO mice and WT mice exhibit motor behavior abnormalities, we carried out open-field analyses and found no difference in spontaneous horizontal and vertical locomotion between DJ-1 KO and WT in young and aged mice (SI Fig. 4J ).
DJ-1 KO Mice Show an Increase in Mitochondrial H2O2 Production.
Because previous studies indicate that DJ-1 is expressed in the mitochondria (11, 16) , we explored whether the absence of DJ-1 leads to mitochondrial dysfunction. Fluorescent Amplex red measurements of H 2 O 2 were made with isolated brain mitochondria incubated in the presence or absence of rotenone in 2-to 3-month-old KO and WT mice (Fig. 1A) . Isolated mitochondria from DJ-1 KO mice have an Ϸ2-fold increase in H 2 O 2 production compared with control WT littermate mice. Rotenone has no statistically significant effect on the genotypic difference in Amplex red signal, suggesting that impairment in mitochondrial complex I activity does not account for the elevation in H 2 O 2 . Additionally, brain mitochondria from 2-to 3-month-old DJ-1 KO and WT mice were incubated in the presence or absence of succinate or succinate/malonate (17) . Succinate-supported H 2 O 2 production is elevated in DJ-1 KO mice compared with control mice (Fig. 1B) (Fig. 1C) .
Inactivation of Mitochondrial Aconitase in DJ-1 KO Brain. Previous reports show that the activity of mitochondrial aconitase is highly sensitive to reactive oxygen species (18, 19) . We therefore assayed the activity of aconitase and the main enzymes in the Krebs cycle from mitochondria isolated from DJ-1 KO and WT mouse brains. There is no difference in the activity of mitochondrial citrate synthase, fumarase, glutamine synthase, and ␣-ketoglutarate dehydrogenase in 2-to 3-month-old and 18-to 24-month-old DJ-1 KO mice compared with control littermates (Fig. 1 F-I ). In contrast, brain mitochondria isolated from 2-to 3-month-old DJ-1 KO mice reveal a Ն60% reduction in aconitase activity compared with WT mice (Fig. 1D ), but there is no change in total aconitase enzyme activity (mitochondrial and cytosolic) in whole brain lysates (data not shown). Although no difference is noted in mitochondrial aconitase activity between 18-to 24-month-old mice, this enzymatic activity is reduced by Ͼ65% in the older mice compared with the younger animals ( Fig. 1D ) as a consequence of the age-dependent loss of aconitase activity (20, 21) . There are no differences in the level of aconitase protein as assessed by immunoblot analysis in DJ-1 KO versus WT mice (Fig. 1E) . To determine whether the loss of aconitase activity in the mitochondria was due to reversible inactivation, mitochondrial extracts were subjected to in vitro reactivation. After reactivation mitochondrial aconitase activity is restored only in the 2-to 3-month-old mice. These results suggest that the elevated H 2 O 2 is inactivating mitochondrial aconitase, at least in young mice. To determine whether the elevated H 2 O 2 could compromise other mitochondrial processes, we assessed the mitochondrial carbonyl content (SI Fig. 5) , O 2 consumption, ATP levels, and cytochrome c release in response to Bid, the MPTP metabolite 1-methyl-4-phenylpyridinium, and calcium (SI Fig. 6 ). No difference is found in the carbonyl content in 2-to 3-month-old and 18-to 24-month-old mice (SI Fig. 5A ) and the oxyblot of whole brain lysates and mitochondrial fractions (SI Fig. 5 B and C) . There is no difference in O 2 consumption between the DJ-1 KO and control WT littermate animals, when the respiration was driven by either production in young (2-3 months) and aged (18 -24 months) mice. H2O2 production was measured by using Amplex red (Molecular Probes, Eugene, OR). H2O2 production was calculated from a standard curve generated from known concentrations of H2O2. (D) Mitochondrial aconitase activity in isolated mitochondria from brains of 2-to 3-month-old and 18-to 24-month-old WT and KO mice. Then mitochondrial aconitase was reactivated as described in Materials and Methods, and the activity was measured. (E) Mitochondrial proteins were subjected to immunoblot with densitometric analysis by using hsp70 as a loading control. No differences in protein expression were found. (F and G) Mitochondrial citrate synthase and fumarase activity of brains in 2-to 3-month-old and 18-to 24-month-old mice was measured. (H and I) No differences were found in glutamine synthase and ␣-ketoglutarate dehydrogenase activity between mitochondria isolated from 2-to 3-month-old KO mice and WT littermates. Significance was determined by a two-way ANOVA with the Student-Newman-Keuls test. * , P Յ 0.05. Data are the means Ϯ SEM (n ϭ 3).
complex I or complex II (SI Fig. 6A) . No difference is observed in the production of ATP in absence and presence of the complex I inhibitor rotenone between DJ-1 KO mice and WT littermate controls (SI Fig. 6B ). Moreover, cytochrome c release is not different in response to Bid, 1-methyl-4-phenylpyridinium, or calcium in 2-to 3-month-old (SI Fig. 6C ) and 18-to 24-month-old DJ-1 KO mice and WT littermate mice (data not shown). These results taken together indicate that the loss of DJ-1 leads to excess H 2 O 2 and loss of aconitase activity, but these abnormalities are not sufficient to inflict overt mitochondrial damage or impair cell viability.
Mitochondrial Compensatory Mechanisms in DJ-1 KO Mice. Although there is a 2-fold increase in the mitochondrial H 2 O 2 production in DJ-1 KO brains ( Fig. 1 A and C) , the mice show no degenerative phenotype (SI Fig. 4 ), suggesting that a compensatory mechanism has been invoked. Normally, reactive oxygen species are removed by antioxidant enzymes such as catalase, glutathione peroxidase (GPx), catalase, copper zinc superoxide dismutase, and manganese superoxide dismutase (MnSOD) that are localized in the cytosol and in the mitochondria. We examined the possibility of whether an up-regulation of these enzymes could compensate for the elevated H 2 O 2 . In young (2-3 months) mice protein expression of the antioxidant enzymes in the mitochondria and cytosol is not different (data not shown). However, we find an up-regulation of MnSOD and GPx expression in the mitochondrial but not the cytosolic fractions from 18-to 24-month-old mice ( Fig. 2 A and B) . Concomitantly, we observe a 2-fold increase in GPx activity in isolated mitochondria from 18-to 24-month-old DJ-1 KO mice compared with WT littermates (Fig. 2C) , whereas MnSOD activity is not changed (Fig. 2D) . Consistent with the absence of alterations in protein expression of antioxidant enzymes in young mice, no change in GPx and MnSOD activity is observed in 2-to 3-month-old mice in mitochondria (Fig. 2 C and D) and in the cytosol fractions (data not shown). These compensatory increases in GPx levels and activity appear to compensate for lack of DJ-1 because the cytosolic levels of reduced glutathione (GSH) and oxidized glutathione (GSSG) and the ratio GSSG/GSH in DJ-1 KO brains do not differ significantly compared with their respective WT littermates ( Fig. 2 E and F) . These results taken together suggest that the absence of DJ-1 leads to an increase in mitochondrial H 2 O 2 and a compensatory increase in mitochondrial GPx activity in aged DJ-1 KO mice, suggesting that DJ-1 plays an important in vivo role in mitochondrial elimination of H 2 O 2 .
DJ-1 Is an Atypical Peroxiredoxin-Like Peroxidase. To explore whether DJ-1 directly scavenges H 2 O 2 and the potential mech- anism, we incubated recombinant DJ-1 with H 2 O 2 and measured H 2 O 2 concentration via the Amplex red assay. Recombinant DJ-1 significantly decreases H 2 O 2 levels compared with the reaction without DJ-1 (Fig. 3A) consistent with prior reports (16, 22) . DJ-1 abates the H 2 O 2 Amplex red signal in a dosedependent manner, and this reaction is abolished by purified catalase (Fig. 3B) . To determine whether DJ-1 possesses peroxidase activity, we conducted the Amplex red assay in the absence of HRP. Amplex red is a coupled reaction that utilizes HRP, and in absence of HRP there is no signal (Fig. 3C ). In the absence of HRP DJ-1 has no effect on the Amplex red assay (Fig.  3C) , indicating that DJ-1 does not function as a peroxidase. To ascertain whether DJ-1 has catalase-like activity we measured O 2 formation with a Clark electrode and found that DJ-1 has no catalase activity in the presence of H 2 O 2 (data not show). These results taken together indicate that DJ-1 does not scavenge H 2 O 2 in a manner similar to a peroxidase or a catalase.
To ascertain whether DJ-1 scavenges H 2 O 2 similar to peroxiredoxins, we determined whether cysteines in DJ-1 account for its peroxidase-like activity. DJ-1 was incubated with H 2 O 2 (250 M) or t-butyl hydroperoxide (250 M) or peroxynitrite/ peroxynitrous acid (250 M) and treated with Thioglo-1. The samples of Thioglo-1-labeled proteins were electrophoresed, and the fluorescent densitometric analysis of the fluorescence of Thioglo-1 revealed the loss of reduced cysteine labeling upon the reaction of DJ-1 with the different peroxides (Fig. 3D) . The reaction of H 2 O 2 with DJ-1 obeys second-order rate kinetics (Fig. 3E) . The calculated second-order rate constant is 0.56 Ϯ 0.05 M Ϫ1 ⅐s Ϫ1 , which is typical for reactive cysteine residues. For example, the single cysteine residue in BSA has an apparent second-order rate constant of 1.14 M Ϫ1 ⅐s Ϫ1 upon reaction with H 2 O 2 (23) . By mass spectrometry analysis, we observe that Cys-106 is the principal target for H 2 O 2 resulting in the formation of sulfinic acid (ϪSO 2 H) as revealed by the increase of 32 Ϯ 1 atomic mass units after the reaction of DJ-1 with 25-fold excess H 2 O 2 (SI Fig. 7 and Table 1 ). Under the same reaction conditions, sulfinic acid is observed in C53A and C46A but not in C106A mutant DJ-1, confirming that Cys-106 is modified primarily by H 2 O 2 . The oxidation to sulfinic acid was confirmed by treating the reacted protein with arsenite, which reduces sulfenic but not sulfinic acid to reduced cysteine. The arsenite-treated protein after the reaction with H 2 O 2 showed an increase of 32 atomic mass units, indicating that indeed sulfinic acid was formed and not two sulfenic acid residues ( Table 1) . Excess of the tripeptide glutathione (GSH, 5 mM) partially prevents the oxidation of Cys-106 by H 2 O 2 but did not result in glutathiolation of the protein because no other DJ-1 species were detected by mass spectrometry in the presence of GSH (Table 1 ). These data indicate that Cys-106 is selectively sensitive to H 2 O 2 even in the presence of reducing molecules despite exhibiting a modest second-order rate constant. Because the surface exposure of Cys-106 is relatively less than the other two-cysteine residues, the selectivity of oxidation could be explained by the ability of peroxides to access Cys-106 whereas even small tripeptides such as GSH may not have access. DJ-1 was also sensitive to oxidation by other peroxides such as t-butyl hydroperoxide and peroxynitrite/peroxynitrous acid. The kinetics of the reaction between DJ-1 and peroxynitrite/peroxynitrous acid were determined by stopped-flow spectroscopy at pH 7.4 and 25°C. The calculated apparent second order for the reaction of DJ-1 with peroxynitrite/peroxynitrous acid was 2.7 ϫ 10 5 M Ϫ1 ⅐s Ϫ1 , which is faster to the reactivity of the single cysteine residue in BSA but slower than bacterial and human peroxiredoxins (typical second-order rate constants in the range of 10 6 to 10 7 M Ϫ1 ⅐s Ϫ1 ) (24, 25) . To examine DJ-1 peroxiredoxin activity in vivo, WT and KO mice were injected with MPTP (20 mg/kg every 2 h four times) or saline. Lysates of whole brain and the mitochondrial fraction were prepared from saline-or MPTP-treated mice. DJ-1 oxidized at Cys-106 was analyzed by immunoblot of whole brain lysates, after DJ-1 was immunoprecipitated with anti-DJ-1 antibody, and in the mitochondrial fraction. MPTP intoxication of mice leads to a 2-fold increase of DJ-1 oxidized at Cys-106/total DJ-1 ratio in the whole brain lysates (SI Fig. 8A ) and a 3-fold increase of DJ-1 oxidized at Cys-106/VDAC ratio in the mitochondria fraction (SI Fig. 8B ) in WT mice treated with MPTP compared with saline. Taken together these results indicate that DJ-1 is an atypical peroxiredoxin-like peroxidase that scavenges H 2 O 2 through oxidation of Cys-106 to sulfinic acid.
Discussion
In the present study we show that DJ-1 has a functional role in scavenging mitochondrial H 2 O 2 because of its physiological action as an atypical peroxiredoxin-like peroxidase. Furthermore, oxidative conditions induce the formation of sulfinic acid of Cys-106 of DJ-1. These findings further confirm and extend the results of in vitro studies and previous reports in cellular models (16, 22, 26) . The mice do not show loss of dopaminergic neurons as previously observed (14), but the lack of DJ-1 in the mitochondria induces an increase of mitochondrial H 2 O 2 production in the mice and, as a consequence, a reversible decrease in aconitase activity. The increase in mitochondrial H 2 O 2 is detected in young and old mice whereas the decrease in aconitase activity is observed only in young mice. This may be because of the compensatory responses such as the increase in GPx expression in DJ-1 KO mice. GPx is one of the major defense molecules against cytotoxic reactive oxygen species (27, 28) ; increased expression of GPx provides neuroprotection against toxic stimuli (28, 29) . The increase in GPx in the DJ-1 KO mice likely contributes to the normal mitochondrial function and tissue viability in these animals.
Based on structural and sequence homology the human DJ-1 protein belongs to the DJ-1/ThiJ/PfpI superfamily of proteins. Of the three cysteine residues in DJ-1, Cys-106 is conserved among the proteins of this superfamily (30) (31) (32) (33) . This conserved 
The protein was reacted with H2O2, and changes in protein mass were determined by ESI/mass spectrometry. Detected masses are listed in order of relative abundance within the same treatment (SI Fig. 7) . The C46A and C53A mutant proteins contained oxidized protein molecules without treatment with H 2O2, indicating an increased sensitivity to oxidation. ⌬mass reflects the difference in mass relative to the unmodified protein. All detected masses have errors of no more than Ϯ2 atomic mass units.
cysteine residue has been proposed as the catalytic nucleophile for the protease activity of the PfpI family (30, 34) . In the crystal structure of DJ-1 a histidine residue (His-126) is within 3.7-5 Å from Cys-106, but the absence of an acidic residue in the vicinity of His-126 precludes DJ-1 from possessing protease activity like other members of this superfamily of proteins.
A cluster of acidic residues, Glu-15, Glu-16, Glu-18, and Asp-24, and two basic residues, Arg-48 and Arg-28, are within 8 Å from Cys-106, and they could potentially influence the reactivity of Cys-106. The kinetics of the reaction are considerably slower than the typical mammalian and bacterial peroxidase (second-order rate constants in the range of 2 ϫ 10 5 to 1.8 ϫ 10 8 M Ϫ1 ⅐s Ϫ1 ) (25, 35, 36) . Cys-106 is sufficiently shielded, and access is limited, allowing reactivity toward peroxides but not to peptides. Whereas the lack of surface exposure provides selectivity toward small peroxides, the estimated local pK a of Cys-106 of 11.38 (using the propka algorithm) implies that at physiological pH Cys-106 will be protonated and therefore will likely react relatively more slowly with peroxides as previously reported (26) . Indeed most of the reactive cysteine residues in peroxiredoxins have lower pK a values, which allows deprotonation to a more reactive thiolate anion, thus favoring fast second-order rate constants with peroxides (37) . Collectively these data suggest that DJ-1 is likely an atypical peroxiredoxin that reacts exclusively with peroxides with cysteine residue Cys-106 representing the primary target (37, 38) .
Furthermore, unlike other peroxiredoxins that are overoxidized to sulfinic acid, DJ-1 is not a substrate for the sulfenic acid reductase (39) . Therefore, DJ-1 will not be functionally restored. This is an interesting observation because several reports provide evidence that DJ-1 functions as a cytoplasmic redox-sensitive molecular chaperone of ␣-synuclein, and this chaperone activity is stimulated by oxidation (40, 41) . Thus, Cys-106-oxidized forms of DJ-1 could inhibit ␣-synuclein fibrillation, but this protective effect of DJ-1 against ␣-synuclein aggregation would be lost during overoxidization and inactivation of DJ-1. These data are consistent with the observations that oxidative damage of DJ-1 is linked to sporadic PD (42, 43) .
In summary, we report that DJ-1 is an atypical peroxiredoxin-like peroxidase and that loss of DJ-1 expression leads to accumulation of mitochondrial H 2 O 2 . This increase in mitochondrial H 2 O 2 is accompanied by a compensatory increase in the scavenging protein GPx. Identification of the biochemical function of DJ-1 and the consequences of the loss of DJ-1 function hold promise toward understanding the pathogenesis of familial and idiopathic PD.
Materials and Methods
Gene Targeting and Generation of DJ-1 Null Mice. DJ-1 KO mice were generated by gene targeting of part of exon 2 and exon 3 with replacement by a loxP flanked neomycin selection cassette. Embryonic stem cells carrying the mutant allele were injected into blastocysts, and the resulting male chimeric mice were bred to C57BL/6 female mice to obtain heterozygous DJ-1 male and female mice, which were subsequently bred to generate DJ-1 KO mice. PCR genotyping was performed by using the following primers: forward 1, 5Ј-TTG GCT GTA TCC GTG ACT GCA GT-3Ј; forward 2, 5Ј-TGC TAA AGC GCA TGC TCC AGA CT; reverse, 5Ј-CAT CTC TAC AGC CCA GGT AGT GA-3Ј.
Southern and Northern Blot Analysis. DNA extracted from kidney and RNA extracted from mouse brain were used to carry out Southern and Northern blot analysis as described previously (44) with visualization and documentation acquired by a phosphorimager system (Cyclone; Packard, Meriden, CT).
Immunoblot Analysis. Primary antibodies used for immunoblot were anti-DJ-1 (11), anti-SOD, anti-GPx, anti-catalase, antiHsp70, anti-VDAC, and anti-aconitase (Abcam, Cambridge, MA), anti-DJ-1 oxidized at Cys-106 (AbD Serotec, Oxford, U.K.), and anti-actin (Sigma-Aldrich, St. Louis, MO). Immunoreactive bands were detected with HRP-conjugated antirabbit or anti-mouse secondary or anti-myc antibodies (Amersham) and visualized with SuperSignal West Pico or SuperSignal West Femto substrates (Pierce, Rockford, IL).
HPLC Electrochemical Measurement of Catecholamines. Dopamine and its metabolites were assessed by HPLC analyses as previously described (44) .
Immunohistochemistry and Stereological Cell Counts. Free-floating 30-m sections were incubated with antibody against tyrosine hydroxylase (rabbit polyclonal; Novus Biologicals, Littleton, CO) followed by incubation with biotin-conjugated anti-rabbit antibody (goat polyclonal; Jackson ImmunoResearch, West Grove, PA), ABC reagents (Vector Laboratories, Burlingame, CA), and SigmaFast DAB Peroxidase Substrate. Sections were counterstained with Nissl (0.09% thionin). Cell counts of tyrosine hydroxylasepositive and Nissl-positive neurons of the SNpc were counted by using optical fractionator STEREO INVESTIGATOR software (MicroBrightField, Williston, VT) (45, 46) .
Behavioral
Analysis. An open-field test was performed as described previously in 2-to 3-month-old and 18-to 24-month-old male and female mice (44) .
Isolation of Brain Mitochondria and Polarography. Isolation of brain mitochondria and monitoring of mitochondrial oxygen consumption were performed as described (47, 48) . Enzyme Assays and Glutathione Assay. Assay conditions for tricarboxylic acid enzymes were based on established protocols (49) (50) (51) (52) (53) (54) . For information about aconitase and ␣-ketoglutarate dehydrogenase activity assay see SI Materials and Methods. GPx and superoxide dismutase activity were measured by using s Glutathione Peroxidase Assay Kit and s Superoxide Dismutase Assay Kit (Calbiochem, San Diego, CA) following the manufacturer's protocol. Glutathione levels were measured fluorimetrically following the method of Cohn and Lyle employing o-phthalaldehyde (55, 56) .
Recombinant DJ-1 Expression and Purification. WT DJ-1 and cysteine mutants were subcloned in frame with GST in pGEX-6P-1 expression vector and transformed into Escherichia coli BL21 cells. Protein expression was induced with the addition of isopropyl-␤-D-thioglactopyranoside. Recombinant GST DJ-1 was purified and digested by using the manufacturer's protocol (Amersham Pharmacia Biotech, Piscataway, NJ). The second-order rate constant for the reaction with peroxynitrite was measured by stopped-flow analysis (23) .
Mass Spectrometric Analysis. Mass spectrometry was performed on an Agilent 1100 Series quadrupole mass spectrometer equipped with an electrospray ion source, and the spectrometer was operated in positive ion mode as described previously (57) .
MPTP Injections. All procedures involving animals were approved by and conformed to the guidelines of the Institutional Animal Care Committee of Johns Hopkins University. Animals received four injections i.p. of MPTP⅐HCl (20 mg/kg free base; SigmaAldrich, St. Louis, MO) in saline or saline alone at 2-h intervals. Animals were decapitated 7 days after the last MPTP injection, and brains were resected and processed for Western blot analysis.
Statistical Analysis. Pooled results were expressed as means Ϯ SEM. Significance was determined by one-way or two-way ANOVA followed by the Student-Newman-Keuls test or a two-tailed nonpaired Student t test. Significance was set at P Յ 0.05.
